Introduction
============

Breast cancer (BC) remains the most frequent cancer and the major cause of cancer-associated death in women. Based on histopathological analysis commonly used in clinical practice, BC has been identified as a heterogeneous disease classified into three main subtypes: Luminal (Lum), HER2 and triple-negative (TN), which have been further confirmed and extended by gene expression profiling.^[@bib1],\ [@bib2]^ Lum BC are positive for estrogen receptor (ER) and/or progesterone receptor, LumB exhibiting high mitotic index compared with LumA. HER2 BC are characterized by the amplification of the *ERBB2* oncogene and TN BC are negative for ER, progesterone receptor and ERBB2. This BC patient stratification has proven some efficacy in identifying appropriate treatments, especially in Lum and HER2 BC patients. Indeed, endocrine (tamoxifen or aromatase inhibitors) and targeted (trastuzumab) therapies have provided significant improvements in treating Lum and HER2 tumors, respectively. Nevertheless, further progresses are still needed, in particular for HER2 and TN molecular subtypes, which are responsible of the worse clinical outcomes. In these patients disease progression is characterized by accumulation of distant metastases in TN and by axillary lymph-node metastases in HER2 BC subtypes. Furthermore, owing to the increase in resistance to Herceptin or to the anti-proliferative agent Paclitaxel, HER2 and TN subtypes require innovative treatments.

CXCL12 (also known as stromal cell-derived factor 1) and its receptor CXCR4 have essential roles in hematopoiesis: they regulate hematopoietic stem cells homing in bone marrow and lymphocytes trafficking to sites of inflammation.^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^ At the normal state, CXCR4 is found at the surface of most leukocytes, endothelial and epithelial cells.^[@bib7],\ [@bib8],\ [@bib9]^ In cancer, CXCR4 is expressed in many types of solid tumors including breast, prostate, brain, colon and lung.^[@bib10],\ [@bib11],\ [@bib12]^ Moreover, CXCR4 surface expression is an independent prognostic factor for disease relapse and survival in BC.^[@bib13],\ [@bib14]^ Previous studies have assessed efficacy of targeting CXCR4/CXCL12 pathway on breast primary tumor growth and metastasis using syngenic models or various human breast cancer cell lines.^[@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19]^ Still, the therapeutic interest of targeting CXCR4/CXCL12 axis in the different BC subtypes remained unclear. In that sense, we have previously shown that CXCR4 protein accumulates in both HER2 and TN invasive BC, compared with LumA BC subtype.^[@bib20]^ We also demonstrated that CXCL12 protein staining was strongly upregulated in the stroma of HER2 patients. This chemokine, mostly produced by carcinoma-associated fibroblasts, enhances tumor growth through mechanisms such as proliferation, survival, migration and drug resistance.^[@bib20],\ [@bib21],\ [@bib22],\ [@bib23],\ [@bib24]^ Moreover, CXCL12 strongly modifies tumor microenvironment by promoting angiogenesis through hypoxia-induced CXCR4 expression and recruitment of endothelial progenitors.^[@bib22],\ [@bib25]^ In addition, CXCR4 signaling, in response to CXCL12, mediates actin polymerization and pseudopodia formation thus inducing chemotactic and invasive responses toward CXCL12-enriched organs.^[@bib18]^ Increased CXCR4 expression has been reported as a poor prognostic indicator in patients with HER2 BC.^[@bib13],\ [@bib14],\ [@bib20],\ [@bib26]^ All these tumor and metastasis-promoting functions of CXCL12/CXCR4 make this ligand-receptor association appealing for new therapeutic avenues, in particular in BC.

Given the crucial role of the CXCR4/CXCL12 axis in tumor microenvironment, we investigated if targeting this signaling pathway could be of potential therapeutic interest in invasive BC. In contrast to previous CXCR4 BC studies using subcutaneous xenograft models or transgenic mouse models,^[@bib16],\ [@bib19],\ [@bib27],\ [@bib28]^ BC patient-derived xenografts (PDX) models maintain cell differentiation, morphology, architecture, and molecular signatures of original patient tumors.^[@bib29],\ [@bib30]^ In the present study, we observed that the stromal compartment of BC PDX reproduces finely the stroma of the human tumors, indicating PDX are suitable models for investigating the efficacy of stroma-targeting drugs in BC patients. Taking advantage of these conserved properties, we investigated whether two CXCR4 inhibitors, a small molecule inhibitor bicyclam AMD3100 (that is, Plerixafor) and a small peptide antagonist TN14003, were able to modulate tumor growth and metastases of invasive HER2 and TN BC, the two BC subtypes that have still medical needs. Although both inhibitors impair CXCL12 interaction with its receptor, TN14003 behaves as an inverse agonist, while AMD3100 is a partial agonist.^[@bib31],\ [@bib32]^ Here, we demonstrated that the two CXCR4 inhibitors significantly reduced tumor growth of several independent HER2 PDX tumors, including Herceptin- and Docetaxel-resistant model, suggesting that CXCR4 inhibition could be useful as a third line of treatment for HER2 patients. In contrast, CXCR4 inhibitors were not able to reduce tumor growth of TN PDX models and could even increase metastatic spread in 25% cases, all being characterized by high CXCL12 expression in lung metastasis. In conclusion, by using adapted representative models derived from invasive BC patients, this work demonstrates, for the first time, that CXCR4 inhibitors are of therapeutic interest for HER2 patients, whereas they could be detrimental and promote lung metastasis in TN BC.

Results
=======

PDX models recapitulate CXCL12 expression and stromal properties of human BC
----------------------------------------------------------------------------

We and others have previously shown that CXCL12/CXCR4-dependent axis is significantly upregulated in human HER2 BC compared with both aggressive TN and good prognosis LumA subtypes.^[@bib20],\ [@bib26]^ To further investigate the role of CXCL12/CXCR4 pathway in HER2 BC subtype, we sought to identify relevant preclinical models and considered PDX, as these xenograft models have been shown to reproduce properties of the human tumors they derived from.^[@bib29]^ Still, neither stromal properties nor expression of CXCR4/CXCL12 had been previously characterized in PDX models derived from human BC. Interestingly, we had access to 15 PDX from the different BC subtypes, including 5 Lum, 3 HER2 and 7 TN BC.^[@bib29]^ We first observed that the myofibroblast content, evaluated by histological scoring of smooth-muscle actin (SMA) immunostaining, was significantly elevated in PDX derived from both HER2 and TN BC, compared with LumA BC ([Figures 1a and b](#fig1){ref-type="fig"}). These results were completely consistent with previous observations made on human BC,^[@bib20]^ where the myofibroblasts content was much higher in HER2 and TN BC than in LumA BC. We thus validated that stromal fibroblasts turn into myofibroblasts in HER2 and TN PDX, but remain in an inactivated state (that is, SMA-negative) in LumA PDX, as detected in human tumors. Similarly, we observed that expression of the CXCR4 receptor was significantly increased in both HER2 and TN PDX compared with LumA PDX ([Figures 1a and c](#fig1){ref-type="fig"}). Furthermore, the CXCL12 chemokine accumulated strongly in the stroma of HER2 PDX, compared with TN and LumA PDX ([Figures 1a and d](#fig1){ref-type="fig"}). Here again, CXCR4/CXCL12 expression patterns in PDX were reminiscent of those previously reported in human BC.^[@bib20],\ [@bib26]^ Finally, considering histological scores established from tumors of all BC subtypes (LumA, HER2 and TN), high expression of CXCL12 was correlated with myofibroblast accumulation in PDX models ([Figure 1e](#fig1){ref-type="fig"}), similarly as in human BC, in particular in the HER2 context.^[@bib20]^ In conclusion, PDX models of BC fully recapitulate stromal properties as those observed in human BC, making them models of choice for studying anti-CXCR4-targeted therapies.

Blocking CXCR4 receptor significantly reduces tumor growth and metastases in PDX of the HER2 BC subtype
-------------------------------------------------------------------------------------------------------

AMD3100 and TN14003 are two well-known CXCR4 inhibitors, which have been previously tested in xenograft models obtained by subcutaneous injection of cancer cell lines.^[@bib16],\ [@bib28],\ [@bib33],\ [@bib34]^ However, efficiency of these CXCR4 inhibitors has never been evaluated in PDX, whereas these models are fully representative of the corresponding human BC in terms of stromal properties and CXCR4/CXCL12 expression. To evaluate antitumor efficiency of CXCR4 inhibition in these models, AMD3100 and TN14003 were administrated into independent PDX models, established from different patients of the HER2 subtype and analyzed for stromal content and CXCR4/CXCL12 expression pattern, as shown above in [Figure 1](#fig1){ref-type="fig"}. These models were here after referred to as HER2-BC1 ([Figure 2a](#fig2){ref-type="fig"}) and HER2-BC2 ([Figure 2b](#fig2){ref-type="fig"}), with the HER2-BC3 being further analyzed in the next part of the results (see below). TN14003 significantly reduced both tumor volume ([Figures 2a and b](#fig2){ref-type="fig"}, Left panels) and final tumor weight ([Figures 2a and b](#fig2){ref-type="fig"}, Right panels) in the two HER2 models. Similarly, AMD3100 significantly reduced tumor weight in the two HER2 PDX models ([Figures 2a and b](#fig2){ref-type="fig"}, Right panels), but decreased tumor volume only in HER2-BC2 model, suggesting that the inverse agonist TN14003 was more efficient than the partial agonist AMD3100. We next analyzed the impact of CXCR4 inhibitors on metastatic spread in the HER2-BC1 PDX model, where lung metastases were observed. Of note, it has been established previously that there was a predilection for lung metastases in these PDX models, with no detection of metastatic spread in liver, bone or brain.^[@bib29]^ All along this work, we thus concentrated our analyses on lung metastases. We evaluated metastatic spread by using a sensitive method quantifying human ALU sequences and detecting both macro- and micro-metastases ([Figures 2c--e](#fig2){ref-type="fig"}). We observed that HER2-BC1 mice treated with TN14003 tended to exhibit less metastasis than the untreated control group ([Figures 2d and e](#fig2){ref-type="fig"}). Indeed, although not significant when analyzed per subgroup owing to large amplitude from one animal to another ([Figure 2d](#fig2){ref-type="fig"}), the difference in lung metastases between controls and TN14003-treated animals was significant when analyzed per individual ([Figure 2e](#fig2){ref-type="fig"}). In contrast, although we detected a similar tendency, AMD3100 did not significantly inhibit metastatic dissemination of tumor cells into lungs, confirming that TN14003 was more efficient than AMD3100 in this model. Thus, results based both on tumor growth and distant metastases in suitable HER2 PDX models confirmed that the use of CXCR4 inhibitors could be of some interest for treatment of HER2 BC patients.

Anti-CXCR4 drugs inhibit HER2 tumor growth by reducing both angiogenesis and myofibroblast content
--------------------------------------------------------------------------------------------------

Having established that CXCR4 inhibitors were efficient in decreasing tumorigenesis in HER2 PDX, we next investigated how those inhibitors could impede tumor growth. First, we verified that CXCR4 phosphorylation was significantly impaired by both AMD3100 and TN14003 ([Figure 3a](#fig3){ref-type="fig"}). Indeed, as expected, AMD3100 and TN14003 reduced the ratio of the phosphorylated CXCR4 isoform to its total isoform (P-CXCR4/CXCR4) by 44% and 51%, respectively ([Figure 3b](#fig3){ref-type="fig"}). As high levels of CXCL12 have been reported to attract tumor cells,^[@bib18]^ we next wondered if blocking CXCR4 receptor by using specific inhibitors could in turn modulate CXCL12 levels but we did not observe any variation of CXCL12 expression at tumor site ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}) or at distant lung metastatic site ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}) in the presence of AMD3100 or TN14003. CXCL12/CXCR4 pathway has been shown previously to activate tumor cell proliferation^[@bib22],\ [@bib35]^ but is also well known for its impact on tumor microenvironment by promoting conversion of fibroblasts into myofibroblasts^[@bib20]^ and stimulating angiogenesis.^[@bib22],\ [@bib25],\ [@bib28]^ We thus focused our study on three markers: KI67, SMA and endothelial cell adhesion marker (CD31), in order to evaluate tumor cell proliferation rate, myofibroblast content and angiogenic spread, respectively. Those markers were tested in two different HER2 models, HER2-BC1 ([Figure 3c](#fig3){ref-type="fig"}) and HER2-BC2 ([Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}). In the two HER2 PDX models, CXCR4 inhibitors led to a decrease in both myofibroblast and blood vessel contents, as shown by SMA and CD31 staining ([Figures 3c and d](#fig3){ref-type="fig"} and [Supplementary Figures 2a and b](#sup1){ref-type="supplementary-material"}). Indeed, SMA staining was reduced by at least 71% after treatment by the two CXCR4 inhibitors in both HER2-BC1 ([Figure 3d](#fig3){ref-type="fig"}, Left) and HER2-BC2 ([Supplementary Figures 2a and b](#sup1){ref-type="supplementary-material"}, Left). Moreover, CD31 staining was diminished by 66 and 77% with AMD3100, and by 63 and 79% with TN14003 in HER2-BC1 ([Figures 3c and d](#fig3){ref-type="fig"}, Middle) and HER2-BC2 ([Supplementary Figures 2a and b](#sup1){ref-type="supplementary-material"}, Middle). Conversely, we did not observe any difference in Ki67 staining between untreated mouse subgroups (control; CTL) and AMD3100- or TN14003-treated subgroups in the two HER2 PDX models tested ([Figures 3c and d](#fig3){ref-type="fig"}, Right and [Supplementary Figures 2a and b](#sup1){ref-type="supplementary-material"}, Right). Of note, in HER2-BC1 model, Ki67 staining was higher in AMD3100-treated group than in TN14003-treated group ([Figure 3d](#fig3){ref-type="fig"} right panel). This difference could explain---at least in part---why AMD3100 was less efficient than TN14003 in tumor growth inhibition in this model (as shown above, [Figure 2a](#fig2){ref-type="fig"}, left panel). Finally, the rate of cancer cell apoptosis playing a key role in treatment response, we evaluated it by the ratio between cleaved Caspase 3 to total Caspase 3 protein levels ([Figures 3e and f](#fig3){ref-type="fig"}). We observed that apoptosis was not increased in AMD3100- or in TN14003-treated tumors, compared with phosphate-buffered saline-treated ones (CTL) ([Figures 3e and f](#fig3){ref-type="fig"}). Taken together, these observations confirmed that CXCR4 inhibitors act mainly in a tumor cell non-autonomous manner by modulating tumor microenvironment, including both myofibroblast and blood vessel density.

Finally, CXCL12 has a crucial role in the regulation of trafficking of hematopoietic stem cells and their homing in bone marrow.^[@bib36],\ [@bib37],\ [@bib38],\ [@bib39]^ Moreover, AMD3100 has been shown to be effective for the mobilization of hematopoietic stem cells into peripheral blood circulation.^[@bib40]^ To analyze if these inhibitors had any impact on peripheral blood mononuclear cells in HER2 PDX, we performed a complete blood count of control-, AMD3100- or TN14003-treated mice ([Supplementary Figure 1c](#sup1){ref-type="supplementary-material"}). Even if we observed a certain tendency for a decrease in the total number of white blood cells following AMD3100 and TN14003 treatments, no significant difference was noted in the repartition of lymphocytes, monocytes or neutrophils/granulocytes ([Supplementary Figure 1c](#sup1){ref-type="supplementary-material"}). We also analyzed the content of hematopoietic cells within tumors by flow cytometry, after achieving mechanic and enzymatic dissociation of HER2 PDX tumors ([Supplementary Figure 1d](#sup1){ref-type="supplementary-material"}). Here again, we did not detect any significant change in the percentage of granulocytes, lymphocytes, macrophages or monocytes between tumors from controls or from mice treated with CXCR4 inhibitors. Together, our results suggest that tumor growth inhibition of HER2 PDX by CXCR4 inhibitors is mainly associated with modifications in its tumor microenvironment, including reduced myofibroblast content and impaired angiogenesis but not with hematopoietic changes.

CXCR4 inhibitors could be beneficial for HER2 patients, who are resistant to Herceptin
--------------------------------------------------------------------------------------

Herceptin-based therapy is routinely used for HER2-positive BC and often combined with cytotoxic agents.^[@bib41],\ [@bib42]^ Nevertheless, some resistances to this targeted treatment were demonstrated linked to various mechanisms, including accumulation of HER2 truncated isoforms, loss of phosphatase PTEN, activating mutations of PIK3CA or stimulation of downstream signaling pathway through alternative tyrosine kinase receptors, such as HER4.^[@bib43],\ [@bib44],\ [@bib45]^ We thus wondered if activation of CXCR4 receptor could also participate in resistance to Herceptin and Docetaxel. If true, resistance to these drugs should be--at least in part---alleviated by blocking CXCR4. To test this hypothesis, we studied the impact of TN14003 (revealed above as the most efficient anti-CXCR4 drug) combined to Trastuzumab and Docetaxel on HER2-BC3 PDX model and previously identified as resistant to these treatments.^[@bib29]^ As shown in [Figure 4](#fig4){ref-type="fig"}, we confirmed that combination of Herceptin and Docetaxel had no significant impact on relative tumor volume (RTV) and final tumor weight in this model ([Figures 4a and b](#fig4){ref-type="fig"}). Administration of TN14003 alone into HER2-BC3 PDX reduced tumor growth and tumor weight ([Figures 4a and b](#fig4){ref-type="fig"}), demonstrating that the CXCR4 receptor remain active in Herceptin-resistant HER2 BC. Association of TN14003 to Herceptin and Docetaxel treatment reached a tumor growth inhibition scaled to the control group of 98% ([Figure 4c](#fig4){ref-type="fig"}), suggesting that inhibiting CXCR4 could represent a therapeutic interest in chemoresistant HER2 BC. In addition, at least 50% tumor growth inhibition was observed in 7 cases out of 11 animals treated with the combination of the three drugs, whereas this proportion was significantly lower when each drug was administered alone ([Figure 4d](#fig4){ref-type="fig"}). Taken together, these observations suggest that CXCR4 inhibition could be a new suitable therapeutic avenue for Herceptin-resistant HER2 BC patients.

The use of CXCR4 inhibitors is not efficient for growth inhibition in TN BC and even promotes metastatic spread in 25% cases
----------------------------------------------------------------------------------------------------------------------------

In addition to HER2 BC, we found that CXCL12 and CXCR4 proteins accumulate in TN BC PDX, compared with LumA subtype (as shown above, [Figures 1a and c](#fig1){ref-type="fig"}). TN BC patients exhibit a poor survival rate, with half of them developing resistance to chemotherapy and disease recurrence. New treatments for TN BC patients thus remain a real challenge and better therapeutic tools are urgently required.^[@bib46]^ In order to evaluate the potential interest of CXCR4 inhibitors for treatment of TN BC patients, AMD3100 and TN14003 were administrated in three TN PDX models, selected according to high expression of CXCR4 receptor at epithelial cell surface (as described [Figure 1](#fig1){ref-type="fig"}). These models were next referred to as TN-BC1, TN-BC2 and TN-BC3 ([Figure 5](#fig5){ref-type="fig"}). The two CXCR4 inhibitors had no effect on tumor growth of the three TN BC PDX models tested ([Figures 5a--c](#fig5){ref-type="fig"}), suggesting that blocking CXCR4 is not of therapeutic interest for TN BC. Consistently, whereas myofibroblast content assessed by SMA staining was reduced by anti-CXCR4 treatments, no significant difference was detected for proliferative or angiogenic markers (Ki67 and CD31, respectively) in the three TN PDX models in response to CXCR4 inhibitors ([Supplementary Figures 3b--d](#sup1){ref-type="supplementary-material"}). We next analyzed the impact of CXCR4 inhibitors on metastases ([Figures 5d--h](#fig5){ref-type="fig"}). Whereas TN-BC1 exhibited high number of lung metastases, when assessed by pathologists, no metastasis and low rate of lung metastases were detected in TN-BC2 and TN-BC3 PDX, respectively ([Figure 5d](#fig5){ref-type="fig"}). These observations were previously reported using the same mouse models and were reminiscent of the patient status these PDX derived from.^[@bib29]^ We thus focused our further analyses on TN-BC1, the only TN PDX where metastases developed at high frequency ([Figures 5e--h](#fig5){ref-type="fig"}). Quite surprisingly, we observed that mice treated with AMD3100 or TN14003 tended to have more metastasis than the untreated group ([Figure 5e](#fig5){ref-type="fig"} and [Supplementary Figure 3a](#sup1){ref-type="supplementary-material"}). This tendency was highly variable from one mouse to another and major differences were noted in some specific mice ([Figure 5f](#fig5){ref-type="fig"}). In this TN model with high metastatic potential, we observed a strong accumulation of lung metastases in 5 animals among 20 mice treated either with AMD3100 or TN14003, compared with the untreated group ([Figure 5f](#fig5){ref-type="fig"}). Interestingly, we observed a significantly higher CXCL12 mRNA levels in lungs of mice with high rate of metastases compared with mice with low rate of metastases, following anti-CXCR4 treatment ([Figure 5g](#fig5){ref-type="fig"}). In contrast, there was no difference in CXCL12 expression in tumors in these different animals ([Figure 5h](#fig5){ref-type="fig"}). CXCL12 expression was evaluated at RNA levels as these experiments gave reproducible and reliable data. Taken as a whole, these data show that blocking CXCR4 in TN BC do not lead to any tumor growth inhibition and can even increase metastatic spread in 25% cases, effect that is associated with high lung CXCL12 expression. Considering that CXCR4 inhibitors are either inefficient or could even exacerbate the pathology, our work suggest that administration of anti-CXCR4 is not recommended as a potential therapy for TN patients.

Discussion
==========

In our work, we took advantage of BC PDX models that faithfully recapitulate stromal components of human tumors to investigate the efficacy of CXCR4-targeting drugs. Although CXCL12/CXCR4 proteins accumulate in both HER2 and TN BC, we observe that CXCR4 inhibitors efficiently impair tumorigenesis in HER2 PDX but not in TN PDX, where they can even increase metastatic spread. Our data thus highlight that targeting the CXCR4/CXCL12 axis does not exhibit the same therapeutic interest for the different BC subtypes. Although the use of anti-CXCR4 is inefficient and could even be detrimental for TN BC patient, blocking CXCR4 could represent a genuine promising therapeutic strategy for HER2 BC, in particular for herceptin-resistant patients.

It is well established that in response to its ligand CXCL12, CXCR4-mediated signaling is important in BC. Indeed, although expression of CXCR4 is very low or absent in normal breast tissue, expression levels increase from atypical ductal hyperplasia to *in situ* ductal carcinoma and to invasive cancer.^[@bib47],\ [@bib48]^ Moreover, myofibroblast stromal cells adjacent to primary breast tumors exhibit much higher CXCL12 expression than fibroblasts in normal breast tissue.^[@bib47],\ [@bib48]^ Through paracrine signaling, CXCR4 promotes cancer cell proliferation and survival, as well as tumor angiogenesis.^[@bib18],\ [@bib22],\ [@bib23],\ [@bib47],\ [@bib49]^ Previous studies have evaluated the impact of CXCR4 inhibitors in BC in syngeneic models using 4T1 murine cells^[@bib15],\ [@bib16]^ or in xenografts with human BC cells injected subcutaneously, intravenously or orthotopically into the fat pad.^[@bib17],\ [@bib18],\ [@bib19],\ [@bib28],\ [@bib34]^ In those models, the stromal compartment is not properly represented (quantitatively and qualitatively) due to the hyperproliferation of cancer cells. As CXCL12 is mainly produced by stromal fibroblasts,^[@bib20],\ [@bib22],\ [@bib50],\ [@bib51]^ we sought to evaluate the therapeutic potential of CXCR4 inhibition in appropriated preclinical models of human BC. To do so, we considered PDX models, which fully recapitulate stromal and epithelial properties of human tumors^[@bib29],\ [@bib30]^ and test the efficiency of two CXCR4 inhibitors: a small molecule inhibitor bicyclam AMD3100 (that is, Plerixafor) and a peptide antagonist TN14003. Even though both inhibitors reduce significantly CXCR4 phosphorylation, we found that TN14003 has a stronger impact than AMD3100 on tumor growth inhibition in HER2 PDX. This could be explained by the fact that TN14003, derived from T140 product, acts as an inverse CXCR4 agonist, whereas AMD3100 displays partial agonist activity.^[@bib32]^ Still, using these inhibitors, we observe a significant reduction of tumor growth and metastatic spread in HER2 PDX. Similarly, a peptide inhibitor of CXCR4, CTCE-9908, also inhibits metastatic spread in a model of PyMT mammary tumors that overexpress the HER2/neu oncogene.^[@bib27]^ Although we show that blocking CXCR4 represents a suitable treatment for HER2 BC, in particular for Herceptin/Docetaxel-resistant patients, our study is the first to provide compelling evidence that inhibiting CXCR4 is not beneficial and could even be detrimental for TN BC patients. In contrast, silencing CXCR4 expression using siRNA or neutralizing CXCR4 with a antibody or TN14003 inhibitor have been shown to decrease TN BC cell invasion *in vitro* and metastasis *in vivo*.^[@bib18],\ [@bib34],\ [@bib52]^ But, all these studies were performed by using TN BC cell lines, such as MDA-MB-231, as system model. On the opposite, using relevant preclinical models, we demonstrate that CXCR4 inhibitors do not impair tumor growth in TN BC and can even exacerbate metastasis, arguing this treatment should be avoided in these patients.

We show here that CXCR4 inhibition does not modulate tumor cell proliferation in any of the HER2 and TN PDX models tested, suggesting that tumor growth inhibition in HER2 BC following anti-CXCR4 administration is not due to a tumor cell-autonomous effect. CXCL12 is highly secreted by stromal fibroblasts and the presence of myofibroblasts has been correlated with poor prognosis in invasive BC.^[@bib20],\ [@bib53]^ We thus first hypothesized that inhibiting CXCL12/CXCR4 axis could modulate the myofibroblastic composition of the stroma. Accordingly, we find that the myofibroblast content is severely affected following CXCR4 inhibition in all models analyzed. However, myofibroblast content is reduced after treatment even in TN PDX models in which tumor growth is not affected, arguing that the impact of anti-CXCR4 on tumor stroma is not sufficient to inhibit tumor growth. CXCL12-dependent tumor cell migration has also been associated to macrophages and their cross-talk with tumor cells.^[@bib54]^ Even if our models were transplanted into immuno-compromised nude murine hosts (mainly affected into T-cell differentiation), we do not see any variation in hematopoietic cell composition in peripheral blood circulation or in tumors, in the presence of CXCR4 inhibitors. Finally, it has been suggested that the chemokine CXCL12 enhances tumor growth by promoting angiogenesis through recruitment of endothelial progenitor cells into the tumor mass.^[@bib22]^ In agreement with these observations, we observed that the use of both CXCR4 inhibitors leads to a strong decrease in tumor angiogenesis in HER2 PDX models, but not in TN PDX models, suggesting that this is through their anti-angiogenic potential that CXCR4 inhibitors reduce significantly tumorigenesis in HER2 PDX. Indeed, there is a strong parallel between tumor growth inhibition and anti-angiogenic effects in PDX models: although being inefficient in inhibiting tumor growth and angiogenesis in TN PDX, anti-CXCR4 are able to reduce both processes in HER2 PDX. Altogether, these data suggest that inhibition of CXCL12/CXCR4 signaling significantly impairs tumor angiogenesis in HER2 BC that subsequently reduces tumor growth.

In conclusion, our findings provide the first demonstration for the dichotomy of anti-CXCR4 treatment interest between HER2 and TN BC subtypes. This could be of particular interest for HER2 patients resistant to conventional treatments, such as Trastuzumab and taxanes. On the opposite, our results argue that administration of CXCR4 inhibitors should be proscribed for treatment of TN BC patients.

Materials and methods
=====================

Establishment of breast cancer PDX
----------------------------------

The projects developed here are based on surgical residual tumor tissues available after histopathological analyses that are not needed for diagnostic purposes. There is no interference with the clinical practice. Breast cancer PDX were established at Institut Curie (Paris, France) with patient consent, as described previously,^[@bib29],\ [@bib30]^ according to the relevant national law on the protection of people taking part in biomedical research. All patients were informed by their referring oncologists that their biological samples could be used for research purposes and they gave their verbal informed consent. In case of patient refusal, that could be either orally expressed or written, residual tumor samples were not used in our study. The Institutional Review Board and Ethics committee of the Institut Curie Hospital Group approved all analyses realized in this study. HER2-amplified carcinomas have been defined according to ERBB2 immunostaining using ASCO\'s guideline. LumA tumors were defined by positive immunostaining for ER and/or progesterone receptor. The cutoff used to define hormone receptor positivity was 10% of stained cells. The TN immunophenotype was defined as follows: ER^−^PR^−^ ERBB2^−^ with the expression of at least one of the following markers: KRT5/6^+^, EGF-R^+^, Kit^+^. For PDX models, tumor patients\' surgical fragments of 30--60 mm^3^ were grafted into the interscapular fat pad of 6-week-old female Swiss nude mice, under avertin anesthesia and maintained through *in vivo* passages. Interestingly, we had access to 15 previously described^[@bib29]^ PDX, including five Lum, three HER2 and seven TN BC models. We first investigated CXCR4 and CXCL12 protein levels, as well as stromal content, in these models, as shown in [Figure 1](#fig1){ref-type="fig"}. We next selected representative HER2 (HER2-BC1, 2 and 3) and TN (TN-BC1, 2 and 3) PDX models with high CXCR4 expression at the surface of epithelial cells, for evaluating efficiency of CXCR4 inhibitors. Different models of invasive BC, previously described,^[@bib29]^ were used in our study: HBCx-5 at two distinct passages at more than 1 year apart (HER2-BC1 and HER2-BC3), HBCx-12 (TN-BC1), HBCx-13 (HER2-BC2), HBCx-14 (TN-BC3) and HBCx-24 (TN-BC2). When tumors reached a volume of 40--120 mm3, mice were randomly assigned to each group, and the treatments were started. Herceptin (Trastuzumab, Roche, Boulogne-Billancourt, France) (10 mg/kg) diluted in 0.9% NaCl and Docetaxel (Taxotere, Sanofi, Gentilly, France) (20 mg/kg) diluted in its specific excipient, were administered by the intraperitoneal route at, respectively, 1- or 3-week intervals. AMD3100 (Sigma-Aldrich, Saint-Quentin Fallavier, France, A5602) and TN14003 (synthesized by Bachem Company, Bubendorf, Switzerland) were given intraperitonealy 5 consecutive days each week, at a dose of 7.5 mg/kg. CTL mice have been treated similarly by injection of phosphate-buffered saline solution (100 μl). Then, tumor growth was evaluated by measurement of two perpendicular diameters of tumors with a caliper three times per week. Individual tumor volumes were calculated as *V*=a × *b*^2^/2, with *a* being the major diameter and *b* the minor diameter. For each tumor, the tumor volume at day n (*V*~n~) was reported as the initial volume before inclusion in the experiment (*V*~0~) and expressed as RTV according to the following formula: RTV=*V*~n~/V~0~. Means and s.e.m of RTV in the same treatment group were calculated, and growth curves were established as a function of time. For each condition and individual mouse, tumor growth inhibition was scaled to the tumor growth inhibition mean of the control group and calculated using the following formula: 100−100 × (RTV from untreated mice/RTV from treated mice). Animals were chosen in a randomized manner within each subgroup. For each condition, the sample size calculation was performed using 'InvivoStat\' software (<http://invivostat.co.uk>). The number of mice analyzed in each experiment is indicated in the corresponding Figure legend. Analyses were not performed under blinded conditions. All protocols involving mice and animal housing were in accordance with institutional guidelines as proposed by the French Ethics Committee and have been approved (Agreement number: CEEA-IC \#118: 2013-06).

Western blot and densitometry analysis
--------------------------------------

Tumors incubated for 5 min with lysis buffer (50 m[m]{.smallcaps} TrisHCl pH6.8, 2% SDS, 5% glycerol, 2 m[m]{.smallcaps} DTT, 2.5 m[m]{.smallcaps} EDTA, 2.5 m[m]{.smallcaps} EGTA, 4 m[m]{.smallcaps} Na3VO4, 20 m[m]{.smallcaps} NaF) supplemented with protease inhibitor cocktail tablet (Roche, \#05 056 489 001). Two stainless balls (Qiagen, Courtaboeuf, France, \#69989) were added and the tubes were inserted in a tissue lyser for 3 min at 30 Hz. Then, after a 10 min incubation step at 100 °C, extracts were centrifuged at 1 30 000 g for 15 min at room temperature, and the protein lysates from supernatants were collected. The protein concentration of the supernatant was determined using the BCA Protein Assay Reagent Kit according to the manufacturer\'s instructions (Pierce Laboratories, ThermoFisher Scientific, Illkirch, France, \#23225). For each sample, an equal amount of total proteins was diluted in sample buffer (Bio-Rad, Marnes-la-Coquette, France, \#1610747) and boiled for 5 min. Samples were loaded onto cast 10% polyacrylamide gels (Bio-Rad, \#4561033). After electrophoresis proteins were transferred to a 0.2 μ[m]{.smallcaps} nitrocellulose transfer membrane (Whatman, Fisher Scientific, Illkirch, France, \#10 401 396). Membranes were then blotted overnight with the appropriate first antibodies at 4 °C. The following antibodies were used for Western blotting: E-cadherin (1:1000, BD Biosciences, Paris, France, \#610181), Ser339-CXCR4 (1:500, Abcam, \#ab74012), CXCR4 (1:500, Abcam, Paris, France, \#ab93478), Caspase 3 (1/5000; Cell Signaling Technology, Leiden, The Netherlands, \#9662), Cleaved Caspase 3 (1/1000; Cell Signaling Technology, \#9661). Specific binding of antibodies was detected using appropriate peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, Europe, Suffolk, UK, \#115-035-003 and 115-035-045) and was visualized by enhanced chemiluminescence detection (Western Lightning Plus-ECL, PerkinElmer, Villebon-sur-Yvette, France). Densitometric analyses of immunoblots were performed using Multi Gauge software (FujiFilm, Bois d\'Arcy, France).

Immunohistochemistry
--------------------

Formalin-fixed paraffin-embedded tissue sections (3 μm) from PDX were stained using streptavidin-peroxidase protocol, the Lab Vision Autostainer 480 (ThermoFisher Scientific) as previously described in.^[@bib20],\ [@bib55],\ [@bib56]^ In brief, paraffin-embedded sections were incubated with specific antibodies recognizing smooth-muscle alpha-actin, SMA (1/250, Dako, Les Ulis, France, \#M0851), Ki67 (1/100, Dako, \#M7240), CD31 (1/100, Abcam, \#ab28364), CXCL12 (1/100, Abcam, \#ab9797) and CXCR4 (1/50, Abcam, \#ab2074) in phosphate-buffered saline solution at pH 7.6 containing 0.05% Tween 20 for 1 h, following unmasking in 1 × Tris/EDTA buffer, pH 9 (Dako, \#S2367) for 20 min at 97 °C. For PDX screening quantification, histological score (Hscore) was given as a function of the percentage of positive cells multiplied by the staining intensity (ranging from 0 to 4) in at least five representative pictures (× 10 fields) from at least five animals per subgroup of treatment. Drugs comparisons groups quantifications were performed by two independent investigators using ImageJ software. In brief, color deconvolution was achieved for the separation of Haematoxilin (blue) or specific staining (revealed by DAB coloration, brown) channels alone. A threshold was run on the DAB channel and a mask was applied in order to isolate the specific signal coming from brown channel. Then, the percentage of stained area was evaluated, and a mean for each animal was calculated. Lung sections (4  μm) were stained with hematoxylin--eosin--safranin according to standard histological procedures. A metastatic score was evaluated by a pathologist, based on the size (ranging from 0 to 3) and the number (ranging from 0 to 3) of lung metastases. Metastatic score was completed with an evaluation of micro-metastases

ALUseq Q-PCR
------------

For lung metastasis detection in PDX, the real-time PCR allows the detection of human RNA in mouse tissues (see also ref. [@bib55], [@bib56] for detailed description of the method). The presence of human cells within the host organ was quantified by mean of the transcript of human genes highly and exclusively represented in the human genome (Alu sequences). This method applied to PDX models greatly enhances the sensitivity of detection of invading human cells within lung tissues. Alu transcripts were considered to be detectable and quantifiable when the Ct value was below 35, and not detectable when the Ct value was above 35. The primers used for detection of Alu sequence were the following: 5′-TCACACCTGTAATCCCAGCACTTT-3′ and 5′-GCCCAGGCTGGAGTGCAGT-3′.

Statistical analysis
--------------------

Differences between groups were considered statistically significant at values of *P*⩽0.05. Graphs generally represent means±s.e.m obtained from independent experiments using adapted statistical test, as mentioned in each legend of the figures. The horizontal dark line on the scatter plots represents the mean and the error bars the s.e.m. Spearman\'s correlation test was used to evaluate the correlation coefficient between two parameters. Statistical tests used are in agreement with data distribution: Normality was first checked using the Shapiro--Wilk test and parametric or non-parametric test was applied according to normality respect. When normal distribution was observed, equality of variances was then tested using Bartlett\'s test. If variances between groups were similar, Student\'s *t*-test was performed, otherwise Welsh\'s *t*-test was applied. Statistical tests have been indicated and justified, when necessary. Data analysis was performed using GraphPad Prism version 5.00 software.
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![PDX recapitulate stromal properties of human tumor microenvironment. (**a**) Representative views of smooth-muscle actin (SMA), CXCR4 and CXCL12 immunostaining (IHC) in PDX models derived from Luminal A (LumA, Left), HER2 (Middle) and Triple-Negative (TN, Right) breast cancers (BC). Scale bar: 125 μm (low magnification) and 30 μm (high magnification in inserted sections). (**b--d**) Bar graphs comparing histological scores (HScores, see methods) of stromal SMA (**b**), epithelial CXCR4 (**c**) and stromal CXCL12 staining (**d**) from LumA, HER2 and TN PDX, as indicated. Data are shown as means±s.e.m (*N*=15 PDX, including five Lum, three HER2 and seven TN). *P*-values are based on Mann--Whitney test. (**e**) Positive correlation between SMA and CXCL12 stromal HScores, established from tumors of all BC subtypes (LumA, HER2 and TN). Correlation coefficient and *P*-value are based on Spearman\'s test.](onc2016284f1){#fig1}

![CXCR4 inhibitors reduce tumor growth and pulmonary metastasis formation in HER2 BC PDX. (**a** and **b**) Tumor growth curve (variation of tumor volume as a function of time, Left) and final tumor weight (Scatter plots, Right) of HER2-BC1 (**a**) and HER2-BC2 (**b**) PDX models (mg: milligrams). Mice were treated with PBS (CTL, Control) (•), AMD3100 (○) or TN14003 (□). Data are means±s.e.m (N⩾10 per group). *P*-values are from Student\'s *t*-test, where \# and \* represent significant *P*-values (P⩽0.05) between CTL(PBS)- and AMD3100-treated mice or between CTL(PBS)- and TN14003-treated mice, respectively. (**c**) Representative views of lung tissues from HER2-BC1 PDX stained by Haematoxilin and Eosin coloration showing absence (Left) or presence of small- (Middle) and large-sized (Right) pulmonary metastases. (**d**) Quantification of lung metastases by detecting human-specific ALU sequences in RNA extracted from lungs of HER2-BC1 PDX mice treated with PBS (CTL), AMD3100 or TN14003, as indicated. Pulmonary metastases are quantified at the final time point of tumor growth. Data are means±s.e.m (N⩾10 per group). *P*-values are from Mann--Whitney test. (**e**) Quantification in each mouse of lung colonization by tumor cells. *N*=11 tumors for each condition. Numbers below each bar graph represent the tag number of each mouse. *P*-values are from Fisher\'s test considering mice harboring low (Meta\<1.5), middle (1.5\<Meta\>4) or high (Meta\>4) pulmonary metastatic content after treatment (AMD3100 or TN14003) compared with controls (CTL, treated with PBS).](onc2016284f2){#fig2}

![CXCR4 inhibitors reduce tumor angiogenesis and myofibroblast content in HER2 PDX. (**a**) Representative western blots showing phosphorylated Ser339-CXCR4, CXCR4 and E-cadherin protein levels from HER2-BC1 PDX treated either with PBS (CTL), AMD3100 or TN14003, as indicated. (**b**) Bar graph represents the ratio of the phosphorylated form of CXCR4 on Ser339 residue (Ser339-CXCR4) to its total protein levels, as assessed by densitometry analysis of western blots (as shown on the Right). *N*=10 per group. *P*-values are from Student\'s *t*-test. (**c**) Representative views of SMA (Left), CD31 (Middle) and Ki67 (Right) IHC in tumors from HER2-BC1 PDX treated either with PBS (CTL), AMD3100 or TN14003, as indicated. Scale bar: 125 μm. (**d**) Scatter plots showing histological scores (HScores, see Materials and methods) of stromal SMA (Left), CD31 (Middle) and Ki67 staining (Right) from tumors of HER2-BC1 PDX treated either with PBS (CTL), AMD3100 or TN14003, as indicated. Data are shown as means±s.e.m. *P*-values are based on Mann--Whitney test. (**e**) Representative western blots showing caspase 3 and cleaved caspase 3 protein levels from HER2-BC1 PDX treated either with PBS (CTL), AMD3100 or TN14003, as indicated. Actin is used as a control for protein loading. (**f**) Bar graph represents the ratio of the cleaved caspase 3 to its total protein levels, as assessed by densitometry analysis of western blots (as shown on the Right). *N*=7 at least per group. *P*-values are from Student\'s *t*-test.](onc2016284f3){#fig3}

![TN14003 reduce tumor growth in herceptin-resistant HER2 PDX. (**a**) Tumor growth curve showing variation of tumor volume as a function of time in HER2-BC3 PDX Mice were treated with PBS (CTL, Control) (•), TN14003 (□), Herceptin+Docetaxel (▴) or with Herceptin+Docetaxel+TN14003 (▵). Data are means±s.e.m (N⩾10 per group). *P*-values are from Student *t*-test, where \# and \* represent significant *P*-values (*P*⩽0.05) between PBS (CTL)− and TN14003-treated mice or between PBS (CTL)− and Herceptin+Docetaxel+TN14003-treated mice, respectively. (**b**) Scatter plots showing final weight of tumors from HER2-BC3 PDX following treatments, as indicated. Data are means±s.e.m (N⩾10 per group). *P*-values are from Student\'s *t*-test. (**c**) Bar graph showing tumor growth inhibition (TGI) related to control mean (see Materials and methods) in HER2-BC3 PDX following treatments, as indicated, with CTL mice having been injected with PBS. *P*-values are from Mann--Whitney test. (**d**) Waterfall plots showing individual TGI for each mouse following treatment with PBS (CTL, upper left panel), TN14003 (upper right panel), Herceptin+Docetaxel (lower left panel) or Herceptin+Docetaxel+TN14003 (lower right panel). For each treatment and each mouse, TGI has been related to the mean of the control group. Numbers below each bar graph represent the tag number of each mouse. *P*-values are from Fisher\'s test considering mice harboring tumor progression (TGI\>0), minor regression (−50\<TGI\<0) or major regression (TGI\<−50) after treatment compared with controls.](onc2016284f4){#fig4}

![CXCR4 inhibitors do not reduce tumor growth in TN BC PDX but exhibit pro-metastatic activity. (**a--c**) Tumor growth curves showing variations of tumor volumes as a function of time (Top) in TN-BC1 (**a**), TN-BC2 (**b**) or TN-BC3 (**c**) and scatter plots showing final weight of tumors in milligrams (mg) from the same PDX models (Bottom). Mice were treated with PBS (CTL) (•), AMD3100 (○) or TN14003 (□). Data are means±s.e.m. (N⩾10 per group). *P*-values are from Student\'s *t*-test, where \# and \* represent significant *P*-values (P⩽0.05) between PBS-, AMD3100- or TN14003-treated mice, respectively. (**d**) Quantification of lung metastases by detecting human-specific ALU sequences in RNA extracted from lungs of TN-BC1 PDX mice treated with PBS (CTL), AMD3100 or TN14003, as indicated. Pulmonary metastases are quantified at the final time point of tumor growth. Data are means±s.e.m. (*N*=10 per group). *P*-values are from Mann--Whitney test. (**e**) Quantification in each mouse of lung colonization by tumor cells. *N*=10 tumors for each condition. Numbers below each bar graph represent the tag number of each mouse. *P*-values are from Fisher\'s test considering mice harboring low (Meta\<1), middle (1\<Meta\>5) or high (Meta\>5) pulmonary metastatic content after treatments (AMD3100 or TN14003) compared with controls (CTL) injected with PBS solution. (**f** and **g**) Box-and-whiskers plots showing CXCL12 RNA levels in lung (**f**) and in PDX tumors (**g**) of mice treated with PBS (CTL), AMD3100 or TN14003. *P*-values are from Student\'s *t*-test.](onc2016284f5){#fig5}
